Modern biotechnology has led to the development and use of Living Modified Organisms (LMOs) for agriculture and other purposes. Regulators at the national level are increasingly depending on risk assessment as a tool for assessing potential adverse effects of LMOs on the environment and human health. In addition, the Cartagena Protocol on Biosafety, an international agreement expected to enter into force in the near future, requires risk assessment as the basis for decision-making regarding import of some LMOs. While LMO risk assessment is relatively new, there are other risk assessment disciplines which have developed over longer time periods. The field of assessment of the environmental and human health risks of chemicals is particularly well developed, and is similar in application to LMO risk assessment. This paper aims to draw lessons for LMO risk assessment from the vast experience with chemical risk assessment. Seven general principles are outlined which should serve as a useful checklist to guide assessments of risks posed by LMOs.
INTRODUCTION
The term "risk assessment" is used to describe a wide range of formal and informal methodologies in a range of disciplines. Most commonly, risk assessments attempt to characterize potential adverse impacts associated with particular activities or events. One discipline in which risk assessment is applied is the characterization of potential adverse effects on the environment or human health posed by Living Modified Organisms 2 (LMOs), commonly referred to as Genetically Modified Organisms. Of particular interest in recent years are potential risks associated with the use and release of genetically modified crops. Risk assessment of LMOs is a relatively young field in comparison to other risk assessment applications. However, the recent growth in development of biotechnology has generated unprecedented interest in the potential positive and negative impacts of such technology. Regulators are increasingly depending on risk assessment as a tool in supporting decision-making in the field of biotechnology.
Most importantly, the Cartagena Protocol on Biosafety to the Convention on Biological Diversity, which was adopted in January 2000 and is expected to enter into force in the near future, will require governments to conduct risk assessments in support of decisions regarding the import of LMOs including genetically modified crops. Annex III of the Biosafety Protocol outlines a broad framework for risk assessment of LMOs by defining some general principles and elements of methodology. The points covered in Annex III will be a useful starting point for governments. However, the complexity of risk assessment necessitates more detailed guidance, and it is in this regard that lessons from other fields of risk assessment may prove invaluable.
Formal risk assessment methodologies exist in a range of disciplines, including business and management (Vatter et al., 1978) , insurance (see the Journal of Risk and Insurance), fisheries management (Francis, 1992) and conservation biology (Maguire, 1991) . In the context of assessing potential risks associated with LMOs, however, there is one field of study which is particularly likely to provide insights regarding approaches to risk assessment. This is the field of the assessment of ecological and human health risks from chemical contaminants. Risk assessment for chemicals has benefited from immense effort and funding over the past 20 years, especially in the United States (e.g., the Superfund program; see Hamilton and Viscusi, 1994) but also in Canada, Europe and Australia. In addition, assessment of risks from chemicals is in many ways conceptually similar to the assessment of risks from LMOs. For these reasons, it is worthwhile to look at the experiences in this field in an attempt to discern some key principles for approaching LMO risk assessment.
Assessment of human health and ecological risks from chemicals and other stressors dates back at least to the 1970s (see Suter, 1993 , for further reading). In 1983 the National Research Council in the United States defined a formal set of steps involved in human health risk assessment (NRC, 1983) . This "Red Book" formed the basis of the widespread paradigm for risk assessment which has evolved and is used today. The general approach outlined in that publication formed the basis for development of guidance on ecological risk assessment, and more specific guidance on human health risk assessment. Subsequent development of risk assessment frameworks in the United States, Canada and elsewhere took place throughout the 1980s and 1990s (Barnthouse, 1994; NRC, 1993) . Examples of guidance documents include the Guidelines for Ecological Risk Assessment (EPA, 1998) developed by the United States Environmental Protection Agency; the Framework for Ecological Risk Assessment (CCME, 1996) developed by the Canadian Council of Ministers of the Environment for application to contaminated sites; the European Commission Regulation on risk assessment for existing substances (CEC, 1996) , and the UK's Guidelines for Environmental Risk Assessment and Management (DEFRA, 2000) .
Under this broad risk assessment paradigm, there were some key steps held in common. These can be summarized as follows:
• Problem formulation.
• Assessment of case-specific exposure to a stressor (e.g., likelihood of exposure or of particular levels of exposure).
• Assessment of the relationship between level of exposure and magnitude of associated effects.
• Overall characterization of risks in terms of the likelihood and magnitude of effects.
Risk assessment frameworks vary considerably in the number and definition of particular steps and in the terminology used to describe these steps. The important aspects are simply that any risk assessment begins with identification and formulation of the problem, usually in the context of a decision (NRC, 1996) , and that the concept of risk has two main components, consisting of the relative likelihood or probability of potential adverse effects, and the magnitude or consequences of those effects.
Many risk assessment frameworks, including those developed by the USEPA, were developed for application to risks posed by a range of stressors with potential adverse ecological or human health effects. In practice, most applications of risk assessment have addressed chemical stressors, ranging from metals to persistent organic pollutants (Suter, 1993) . However, the frameworks have been applied successfully to integrated assessments of the risks posed to ecological systems by a range of chemical, physical, and biological stressors.
There is general agreement that the broader principles of this risk assessment paradigm are relevant to risk assessment of LMOs (EC, 1998; ERMA, 1999; Fiksel and Covello, 1986; Kjellsson, 1997; Miller et al., 2002; Nickson and McKee, 2002; Suter, 1993) , although it is recognized that the details must be different (Kappeli and Auberson, 1998; Strauss, 1991) . Case studies of LMO risk assessments that follow the conventional frameworks exist (OSTP, 2001; Sears et al., 2001 ). In addition, many regulatory agencies have guidance for LMO risk assessment that is in accordance with conventional risk assessment approaches at a broad level, such as the UK's guidance on principles of risk assessment and monitoring for the release of genetically modified organisms (DETR, 1999) , the New Zealand Environmental Risk Management Authority's technical guidance for the application of risk assessment under the Hazardous Substances and New Organisms Act (ERMA, 1999; 2000a; 2000b) , and the European Commission's guidance notes supplementing Annex II to Directive 2001/18/EC of the European Parliament and of the Council on the deliberate release into the environment of genetically modified organisms (EC, 2002) .
While many LMO risk assessments have attempted to build on existing risk assessment frameworks, some of the important lessons regarding how to conduct risk assessment have not been recognized in any consistent manner. This paper aims to discern a few general principles for risk assessment from the vast experience accumulated in the field of chemical risk assessment, and to relate these to the context of risk assessment for LMOs. These principles are not expected to prescribe particular methodologies or to predefine the scope of risk assessments. Rather, this paper is intended simply to elucidate some key principles that could serve as a useful checklist to guide assessments of risks posed by LMOs.
LESSON 1: ACCOUNT FOR UNCERTAINTY
Uncertainty is inherent in the concept of risk. Sources of uncertainty include lack of knowledge about a system or process, measurement errors, and random variability or stochasticity (Finkel, 1990; Morgan and Henrion, 1990; Suter, 1990) . There is also variability in characteristics of individuals within a human, animal or plant population. Taken together, the various sources of uncertainty in the assessment of risks posed by chemicals can be several orders of magnitude (Bogen, 1994; Burmaster and Harris, 1993; Gaylor et al., 1993) .
In the chemical risk assessment literature, extensive efforts have been made at developing methods of incorporating uncertainty into assessments in a way that is useful to decision-makers. Methods range from development of alternative scenarios (in the case of qualitative assessments) to simple sensitivity analyses to detailed probabilistic models that explicitly account for uncertainty and natural variability (Burmaster and Anderson, 1994; DEFRA, 2000; EPA, 1998; Finkel, 1990; Finley and Paustenbach, 1994) .
A key general principle emerging from the chemical risk assessment literature is that better decisions can be made when uncertainty is incorporated into risk assessments, and that the best approaches for dealing with uncertainty depend on the decision-making context and the quality and quantity of data. Incorporating uncertainty into assessments has been shown quantitatively to enable improved decision-making regarding management of chemical contaminants (Begley, 1996; Dakins et al., 1994; Finkel, 1990; Morgan and Henrion, 1990; Reckhow, 1994) . A major advantage of explicitly accounting for uncertainty is that it allows decision-makers to make decisions based on the actual data and information. The alternative, where risk assessors select point values, is much less informative, and in cases where conservative estimates are used, the compounded effect of conservative assumptions can give severely biased estimates of risk (Cullen, 1994) .
Scientists and regulators involved in assessing risks associated with LMOs are fully aware of the large amount of scientific uncertainty regarding potential ecological and human health effects (e.g., Edmonds Institute, 1998; ERMA, 2000a) . Indeed, uncertainties regarding risks posed by LMOs may often be more difficult to deal with than uncertainties regarding risks posed by chemical contaminants (EC, 1998; Strauss, 1991) . The Cartagena Protocol on Biosafety explicitly recognizes that scientific uncertainties exist and that decisions must be taken recognizing that those uncertainties may not be resolved.
In spite of this recognition of the importance of uncertainties, approaches for dealing with uncertainty in LMO risk assessment have not yet evolved as in other fields. In the case of LMOs as with chemicals, poor data and confounding factors generally make it difficult to detect ecologically meaningful relationships between a stressor (e.g., an LMO) and ecological variables, even if they exist (Edmonds Institute, 1998) . In statistical terms, the possibility of type II errors is large, because the statistical ability or "power" to detect significant relationships is often low (see Peterman, 1990 , for a discussion of statistical power). However, while hypothesis testing and consideration of statistical power may be important in some contexts, such approaches are not the most useful for decision-making. For decisionmakers, it is not so important to know whether a relationship is statistically significant or not, rather it is appropriate to consider the relative likelihoods of different possible relationships. For example, if data suggest that a link may exist between ingestion of an LMO crop and an adverse effect in an animal population, but there are not enough data to show a statistically significant relationship, would it be reasonable to assume that the relationship does not exist? Of course not, but that is the usual quantitative outcome of a standard statistical test, because the null hypothesis of no relationship cannot be rejected. More appropriate methods for addressing uncertainties in a decisionmaking context, such as those based on assessment of likelihoods or using Bayesian methods, have been utilized for many years in other risk assessment fields related to management of chemicals and fisheries (Ellison, 1996; Hill, 1996; Punt and Hilborn, 1997; Thompson, 1992) . These methods are equally well-suited to LMO risk assessment and should be seriously considered in all cases where data are highly uncertain. Simply stating that data are uncertain and concluding that decisions should be precautionary (or vice-versa) is poor use of scientific information and of little use to decisionmakers.
LESSON 2: CONSIDER MULTIPLE LINES OF EVIDENCE
Some fields of chemical risk assessment are particularly fraught with uncertainties that are difficult to resolve. For example, estimation of human health risks depends in large part on extrapolation of laboratory dose-response data from animals to humans, and extrapolation of effects at high doses to effects at low doses (Gaylor et al., 1993) . In these cases, use of all possible data sources is particularly desirable because of the enormous uncertainty in the extrapolations. For example, there may be epidemiological data resulting from accidental exposures of people (e.g., as for methylmercury; see Clarkson, 1990) . Combined with lab data from animal studies, these two data sources become complementary sources of evidence in a risk assessment.
Similarly for ecological risk assessment, significant uncertainties have led scientists to adopt methods that use multiple lines of evidence. For example, effects of sediment contamination on marine benthic communities typically relies on a wide variety of data sources such as comparison of contaminant concentrations to benchmark data, case-specific toxicity tests, and analyses of species abundance and community structure (Chapman et al., 1996; Ingersoll et al., 1997) . The USEPA guidelines for risk assessment stress the importance of considering all lines of evidence (EPA, 1998) , and at least one procedure has been developed for evaluating risks based on the formal weighting of evidence from multiple data sources (Menzie et al., 1996) .
In the context of LMO risk assessment, uncertainties are at least as pervasive as with chemicals. For this reason, LMO risk assessments often rely on multiple types of data ranging from laboratory investigations (e.g., molecular genetic analyses of phenotypic properties, microcosm and mesocosm experiments), field trials, computer simulations of dispersal and gene flow, etc. (Edmonds Institute, 1998; NRC, 2002) . Some authors have explicitly noted the need to consider these various types of information together when making judgments about risks (Nickson and McKee, 2002; Strandberg et al., 1998) . In this regard, the most important message from the chemical risk assessment literature is to consider all types and sources of data, even those with less certainty than others -few data are better than no data.
LESSON 3: ASSESS RISKS IN A COMPARATIVE CONTEXT
Regulators and scientists involved in LMO risk assessment have embraced the concept of comparative risk assessment due to the complexity of LMO risk assessment. For example, various risk assessment frameworks, including Annex III of the Cartagena Protocol on Biosafety, refer to the importance of assessing risks posed by LMOs in the context of the risks posed by non-modified recipients or parental organisms in the receiving environment (NRC, 2002; OGTR, 2001; UNEP, 1995) . One important component of comparative risk assessment for LMOs has been the concepts of substantial equivalence and familiarity. The Canadian Food Inspection Agency (CFIA, 2001 ) and others evaluate some LMOs in part by testing to determine if they have the same characteristics as non-LMO counterparts. If the important characteristics are the same, LMOs are treated from the regulatory perspective as equivalent to non-LMO counterparts. This type of comparative approach may be restricted to comparing LMOs to non-LMO counterparts, or may be applied more broadly to account for differences in cropping systems or other aspects of production (NRC, 2002) . While the details of what quantitative criteria constitute substantial equivalence or familiarity can be debated, the concept is rooted in the logic of comparative risk assessment, whereby decisions are supported by comparative assessments of risk.
Experience from the chemical risk assessment literature suggests that there are a couple of points that should be emphasized with respect to comparative risk assessment. First, it is important to consider a wide range of alternatives from the start of an assessment, as discounting certain alternatives prematurely is a common source of poor decision-making. Second, it is useful to focus a risk assessment by explicitly characterizing the questions that need to be answered to support a particular management decision. In general, it is important to view risk assessments primarily as a tool in decision-making rather than as a means of scientific research (Mathes and Winter, 1993; McCarty, 1997; Power and McCarty, 1997) . Finally, beyond the scale of a particular LMO risk assessment, it should be noted that the concept of comparative risk assessment can be used to evaluate the relative risks posed by a range of environmental problems (e.g., LMOs, chemicals, etc.), and to use that information to set priorities for addressing those problems.
LESSON 4: BE FLEXIBLE REGARDING THE LEVEL OF DETAIL FOR RISK ASSESSMENTS
Experience in chemical risk assessment has shown that it is very difficult to predetermine the level of detail appropriate for a risk assessment, for at least three reasons. First, it is difficult to know beforehand whether risks can be ruled out based on a simplified initial assessment or whether more detailed assessment will be warranted. In other words, findings of initial assessments may lead to obvious conclusions, or further assessment may be necessary. Second, the level of detail appropriate for a risk assessment depends on the nature of the decision to be supported. For example, if a preliminary analysis shows that a potential risk pathway is unimportant, there is no need to investigate that pathway in more detail. Finally, the level of detail for a particular assessment can be limited by the type and quality of data that are available.
In recognition of these factors, many risk assessment frameworks in North America and elsewhere refer to the need for initial or "scoping-level" assessments as the first step, followed by a detailed assessment if necessary (CCME, 1996; Cura, 1998; DEFRA, 2000; EPA, 1998) . In this way, many risk assessments are considered to be "tiered", meaning that they increase in complexity depending on the findings at each level of assessment (Hill et al., 2000) .
Some LMO risk assessments and frameworks have suggested a tiered approach in which the level of detail increases depending on the results of the previous tier (EC, 1998; ERMA, 2000b; Kjaer et al., 1999; Strandberg et al., 1998) . The Cartagena Protocol on Biosafety recognizes that the information required for any particular risk assessment will vary in nature and in level of detail depending on many factors. Still, there is not yet a widespread understanding of the concept of a tiered approach and how it relates to the level of detail of an assessment. What is important is not whether there is a pre-determined number of steps or a particular methodology, but rather that risk assessors understand that it is appropriate to increase the level of detail of any assessment depending on the results of preliminary analyses, the nature of the decision to be supported, and the limitations of available data.
LESSON 5: RISK ASSESSMENTS SHOULD BE ITERATIVE AND ADAPTIVE
The need for an iterative and adaptive approach to risk assessment is critical. These concepts appear in the LMO risk assessment literature but have not yet been fully defined or elaborated. Risk assessment must be "iterative" because some details of an assessment may need to be revisited depending on the findings of other components of the assessment (e.g., if an assumption is shown to be incorrect) (NRC, 1996) . This is a different point from the need for tiered assessments and increasing level of detail as discussed above (see lesson 4). Some authors have emphasized the need for iterative assessments in the context of LMO risk assessment (DEFRA, 2000; Nickson and McKee, 2002) .
Risk assessments should also be "adaptive". Adaptive management is a cornerstone of science-based management and decision-making (Walters, 1986) . Some LMO risk assessment frameworks acknowledge that risk assessments should be subject to review when new data are made available (EC, 2001; DETR, 1999; OGTR, 2001) . However, there is much more to adaptive management than re-evaluating risks when new data become available. Risk assessments must be adaptive to changes in any parameters or assumptions in the assessment, including baseline ecological conditions or the context of the decision in which assessments are carried out (Harvey et al., 1995) . For example, over the long-term, shifts in ecological conditions may change the potential for adverse effects from LMOs (e.g., a weedy relative of a GM crop may establish a population in an area that was previously not habitable). Adaptive management infers that management decisions should be re-evaluated whenever there have been changes that affect risk estimates, or whenever management actions generate new empirical data, and implies that monitoring to enable detection of such changes is an integral part of management.
LESSON 6: FORMALLY EVALUATE THE EXPECTED VALUE OF ADDITIONAL INFORMATION
has been discussed in the broader risk assessment literature and has been shown quantitatively to improve decision-making (Finkel, 1990; Finkel, 1994) . Formal evaluations of the value of the information have been made in the context of chemical risk assessment to cases of acid rain policy (North and Balson, 1985) and remediation of contaminated sites (Dakins et al., 1996) . A more generic explanation of methods is made by Morgan and Henrion (1990) .
Uncertainties in risk assessment are large, and research to reduce uncertainties can be extremely expensive and time-consuming exercises, and in some cases it may not even be possible to reduce the uncertainties at all. Therefore, it is important to understand the contribution of different uncertainties to overall uncertainty in a risk assessment (McKone and Bogen, 1991) , with the aim of addressing those for which the value of collecting new information, measured as the expected improvement in a decision through reduced uncertainty, is worth the cost of that information (Finkel, 1994) .
In the context of LMO risk assessment, the same logic applies when considering collection of additional data to support decision-making. Data should not be collected simply to address the largest uncertainties, or those which are most easily resolved. Rather, data collection in support of LMO risk assessment should be based on formal evaluation of the expected value of those data in relation to their costs.
LESSON 7: ASSESS CUMULATIVE EFFECTS AS PART OF RISK ASSESSMENT
Cumulative effects refer to the combined impact of multiple stressors on human or ecological health. For example, we may want to understand not only the risks associated with exposure of an animal population to an LMO crop, but the combined effect of the LMO crop, pesticides, herbicides, and other stressors in the same geographic area. Cumulative effects can be considered in different ways, including modeling of scenarios and assessment of the likelihoods of alternative scenarios. Cumulative effects are important to consider because the combined effects of many stressors can be catastrophic even if the isolated effect of one stressor is low. Although consideration of the combined effects of multiple actions has occurred primarily under the related discipline of Environmental Impact Assessment (e.g., the Canadian Environmental Assessment Act; see Suter, 1993 , for additional references and discussion), the USEPA has developed guidance on cumulative risk assessment (EPA, 1997) , in recognition of the need to consider the cumulative effects of multiple stressors on human and ecological health. In addition, some risk assessors have promoted the idea of Regional Risk Assessments, which would aim in part to consider at once the cumulative risks posed by multiple sources of contaminants within a particular spatial region (see Suter, 1993 , for discussion).
CONCLUSION
These seven lessons from chemical risk assessment do not form an exhaustive list of principles for risk assessment of LMOs. There are undoubtedly other principles that could be derived from other disciplines. Even from the LMO literature itself, for example, we can see from the much publicized case of the monarch butterfly that stakeholder involvement and deliberation in the risk assessment process is invaluable (PCT, 2002; Sears et al., 2001) , and may be considered an important principle for risk assessment as has been suggested in the past (NRC, 1996) .
It is not expected that it would be easy or even possible to develop a single risk assessment framework applicable for dealing with all LMO risk assessments. Indeed, some experts have already concluded that even within a particular field such as aquaculture, a single approach to risk assessment may not be possible due to the variability in the nature and scope of risks to be considered (Miller et al., 2002) . However, for whatever particular methodologies are developed, the lessons discussed in this paper, gained from years of experience in the closely related field of chemical risk assessment, are likely to be a useful guide or checklist for scientists tasked with assessing the human health or ecological risks posed by LMOs.
